Formal potentials of some series of organic compounds, metal complexes and fullerenes in non-aqueous solvents are summarized in this review, on the basis of the work to collect the data for the subsection of "Formal potentials" in the fifth revised edition of "Kagaku Binran, Kiso-hen", (which means Chemistry Handbook, Fundamentals. Maruzene Co ., Ltd. 2004, in Japanese). The data were adopted from the papers in which the formal potentials were measured and reported comprehensively for a series of compounds. In this review, concerning each table, brief description is given on the method to determine the formal potentials and the reference electrode, etc, together with the interesting features of the data. In this Part I, the formal potentials of organic compounds are described.
Introduction
Under the organization of Prof. Kakiuchi (Kyoto University), I had a chance to take part in the work to collect formal potentials of some organic compounds and metal complexes in non-aqueous solvents for the purpose to record them in the fifth revised edition of "Kagaku Binran, Kiso-hen", (which means Chemistry Handbook, Fundamentals. Maruzene, Co., Ltd. 2004, in Japanese).
The chapter of "13. Electrochemistry" in Kagaku Binran, the fifth edition, is composed of three sections; "13.1. Electrolytes", "13.2.
Electrode potentials" and "13.3. Electrode reactions". In the section of "13.2. Electrode Potentials", two subsections are devoted to "13.2.2.
Standard electrode potentials" and "13.2.3. Formal potentials". For these subsections, Prof. Kano (Kyoto University) and I shared the work to revise or renew the data to record under the supervision of Prof. Kakiuchi.
The subsection of "13.2.2. Standard electrode potential" includes those of inorganic ions. So, there were almost no needs of revision. On the other hand, the substantial renewal of the data was requested for "13.2.3. Formal potentials", due to the recent progresses of bioelectrochemistry and organic electrochemistry as well as the electrochemical measurements in non-aqueous solvents.
Prof. Kano summarized the redox potentials of proteins and other compounds of bioelectrochemical interest in aqueous solutions, which had already appeared in this journal [K. Kano, Rev. Polarogr., 48, 29-46 (2002) ]. My aim was to summarize the redox potentials in non-aqueous solvents. It is because, in the old version, the fourth edition of Kagaku Binran, which was published in 1993, no formal potentials measured in non-aqueous solvents were included, though only a few tables of those organic compounds such as redox mediators in aqueous solution were cited.
However, at the beginning of the work, it seems very difficult to collect the data of formal potentials into a single table or in a few categorized tables, though it might be a normal style in such handbooks.
The most troublesome problem is a "standard" In addition, it was strictly requested that the cited values have to be "formal potentials", not just to be peak potentials, nor half-wave potentials.
This point was carefully checked in the citation.
It may be interesting to browse the data to know how the formal potential changes depending on the substituents, elements, and structures. In addition, it may be interesting to know how the measurements of the formal potentials have been carried out. However, the readers of Kagaku Binran need to consult the original literatures for such purpose. Thus, in this review, the collected tables for Kagaku Binran, the fifth edition, are summarized with brief descriptions of the 20 methodology and the reference electrode, etc., to give help knowing how the formal potentials can be determined for series of compounds in non-aqueous solvents.
Formal potentials in the oxidation process of alkyl-substituted benzenes. , 106, 3968-3976 (1984) ].
As the first table of the collection, the formal potentials in the oxidation process of alkylsubstituted benzenes were cited as in Table 1 . In the paper by Howell et al., the formal redox potentials were determined using a fast scan cyclic voltammetry, whose scan rates were 200-10000 V s, with a 13-µm diameter gold disc electrode.
The solvent used was trifluoroacetic acid containing 7 % the anhydride. The reference electrode was Ag/AgC104 (0.01 M) in acetonitrile 0.5 M tetrabutylammonium perchlorate (TBPA), which was separated form the trifluoroacetic acid solution containing 7% trifluoroacetic anhydride and 0.5 TBPA by a cracked glass tip capillary and a bridge filled with the same solution.
Using fast scan cyclic voltammetry and trifluoroacetic acid as solvent, the changes in the formal potentials of the oxidation of alkylsubstituted benzene were successfully and thoroughly determined.
The methyl group is known to make the oxidation potential negative due to the electrondonating character. From Table 1 , we can see the effects of the chain length, position and number of the alkyl substituents on the formal potentials.
In the original work, the excellent correlations between the formal potentials and the ionization potentials measured in the gas phase were reported. In addition, the formal potentials of the same derivatives n-complexed to chromium tricarbonyl were measured.
Formal potentials in the oxidation and reduction process of polyaromatic compounds. Table 2 by means of cyclic voltammetry.
The scan rates examined were 50 mV sl -250 V s1, and the working electrode was a 1-mm platinum disk electrode. As a reference electrode, a saturated calomel electrode (SCE) was used.
The solvents used were N,NNdimethylformamide (DMF) for the reduction and acetonitrile (AN) for the oxidation. In this paper, the purification method of these solvents was described in detail referring to the previous work.
In addition to the careful treatment for the measurements in N2 atmosphere, neutral alumina was suspended into the sample solutions to make electrogenerated species persistent as in the literature (O. Hammerich et al., Electrochim. Acta, 18, 537-541(1973) ) . [.1. Am. Chem. Soc., 106, 3968-3976 (1984) ] Solvent: Trifluoroacetic acid contains 7 vol % trifluoroacetic anhydride.
Supporting electrolyte: 0.1 M n-Eu4NC104.
Potential: vs. SHE (measured with the Ag+/Ag reference electrode, which was -0.66 V vs. SHE).
Review of Polarography, Vol.50 , No.l, (2004) Am. Chem. Soc., 97, 5211-5217 (1975) ].
In the original work, the equations pertinent to these formal potentials and their mutual relations were formulated from the points of view of the Born-Faber-type thermodynamic energy cycle and SCFMO calculations. In these discussions , the data of the second standard oxidation potentials were included, though they were not determined by cyclic voltammetry but estimated by checking the scan rate dependence of the irreversible CV curve.
Formal potentials in the multiple reduction processes of aromatic hydrocarbons. The value in parenthesis means irreversible.
To obtain the data in Owing to the use of MA and DMA, fast scan rates
were not necessary to determine the formal potentials of the second or higher reduction.
Formal potentials in the oxidation process of aromatic amines. were systematically measured in acetonitrile using cyclic voltammetry. In the original, the stability of cation radicals was mentioned based on the current ratio of lpa/ipc.
In Table 4 , the data of triphnylamine is not available, because the triphenylamine cation radical is not stable in acetonitrile to form the dimer, tetraphenylbenzidine. When all three para-positions were blocked, the cation radicals become very stable, so that the data in Table 4 were obtained. From the data, we can see the effect of some function groups and halogenosubstituents on the formal potentials.
The methoxy substituents are known to stabilize cation radicals as well as to make the oxidation potentials negative. Therefore, the mono-and di-methoxy substituted triphenylamine cation radicals are also so stable that the data are available in Table 4 . In addition, the stabilizing effect can be recognized from the fact that N-methyl p-methoxy-diphenylamine cation radical is stable.
These data were recorded using the saturated calomel reference electrode (SCE), which was separated from the bulk solution with a Vicor bridge in a one component-cell. In the original, the date of ESR measurements were also described together with the discussion on the follow-up chemical reactions of short-lived cation radicals.
Later, in 1980, Schmidt et al. reported the formal potentials in the oxidation of triphenylamine derivatives, for which more than three substituents were introduced, in acetonitrile.
The data were also included in Table 4 as Ref.
3).
From the data, we can recognize how the oxidation potentials move to positive by stepwise increase of the number of bromo-substituent.
In the original, the systematical changes in visible absorption spectra of the cation radicals were also shown because the cation radicals were quite stable. The potentials were given as vs.
SHE after converting the values obtained using an
Ag/AgNO3 (0.1 M) reference electrode. Table 5 were cited from the work of Gupta et al. In the original, it was mentioned that the height of the second peak is less than that of the first in the voltammograms of the observed quinines.
The main purpose of the research was to investigate the effects of hydrogene-bonding and protonation, so that the electrochemical responses were observed in the presence of hydroxylic additives of increasing hydrogen-bonding power from tert-butyl alcohol to hexafluoro-2-propanol.
From the data in Table 5 , we can see the substituent effects on the formal potentials in the reduction processes of p-quinone derivatives as well as the effects of the structures of the quinine moiety, i.e., benzo-, naphto-, anthra-, and solvents. and tetraselenafluvalene (TSF) as summarized in Table 6 , togethr with those of the methyl derivatives. In the voltammetric determination of the formal potentials, normal cyclic voltammetry was used with a Pt button electrode at the sweep rate of 200 mV s-1. The potential was vs. SCE.
From the data in Table 6 , we can see how the formal potential changes on the replacement of S or Se with Te. In addition, in the original, it was expected that the ionization potential for TTeF lied between the values of TSF and TTF. Also, from the differences between the first and second oxidation potentials, the intramolecular Coulomb repulsion energy decreases in the series of TTeF <TSF < TTF.
Although the paper by McCullough et al. was referred for Table 6 , the original data of TSF in While various donor and acceptor molecules were examined to form the complexes, among the acceptors, the formal potentials of the first and second reduction of 19 derivatives of TCNQ were summarized in this paper as shown in Table 7 .
Similar to the case of TTF analogous, normal cyclic voltammetry was sufficient for the measurement of the formal potentials. The potentials were vs. SCE.
From the results in Table 7 , we can see the substituent effects on the reduction processes of TCNQ derivatives, though the tendency is similar to the results forp-quinones in Table 5 .
In the original, the data of the resistivity of many charge transfer complexes are available. In addition, from the view point of electrochemistry, the paper is useful because we can browse the 13 donor structures to form stable electrooxidized states as well as the 9 acceptor structures to form stable electroreduced states (the TCNQ derivatives as in Table 7 were count as one structure).
Furthermore, a rather general electrochemical technique for growing high-quality single crystals was discussed, and the compaction resistivities were compared with corresponding single crystal values. [J. Am. Chem. Soc., 98, 3916-3925 (1976)] Supporting Electrolyte: Et4NClO4.
Potential: vs. SCE.
Review of Polarography, Vol.50, No.l , (2004) Formal potentials in the oxidation process of anthracene derivatives. In the paper by Masnovi et al., the cation radicals were stabilized by using dicfloromethane containing 20 % triflioroacetic acid as the solvent .
Cyclic voltammetric results recorded at the scan rates of 0.05-50 Vs-1 permitted us the systematic comparisons of the substituents effects at the Sand 10-positions on the formal potentials as shown in Table 8 .
The working electrode was a 1 mm diameter platinum disc electrode. Concerning the reference electrode and potentials, the following descriptions are given: "The reference electrode was a saturated calomel electrode (SCE) which was contained in a separated compartment separated by a cracked-glass tip capillary. To obtain E0Ar relative to ferrocene, subtract 0.145 from each value".
In the original, the formal potentials were shown together with the separation of the anodic and caathodic peak potentials at a scan rate of 0.5 V s-1 and the approximate scan rate at which anodic and catholic peak currents become equal.
Among the 12 derivatives, 9-cyanoanthracene cation radical was the most unstable because 20 V s-1 was necessary to obtain the equal anodic and catholic currents. Moreover, even though in this solvent system, 9-methoxyanthracene cation radical was mentioned to be quite unstable.
Therefore, while the value of 1.30 V was mentioned in the original, we excluded the value from Table. 8.
In addition, in the originals, solvent effects on the formal potentials were summarized in the pure solvents, dichloromethane, acetonitrile, and trifluoroacetic acid, though the data are not very complete. Also, some comparisons of the formal potentials were made with the ionization energies in the gas phase and the charge transfer transition energy of their electron donor-acceptor complexes with tetracyanoethylene. In the booklet version of Kagaku Binran, Tables 1-9 was included as the formal potentials data of the organic compounds.
The following data were also collected and cited additionally in the CD-ROM version due to the restriction o f the pages in the booklet version.
Formal potentials in the reduction process of aryl halides. As summarized in Table 1 , the FSCV was used to observe the formal potentials of the oxidation of alkyl-substituted benzenes in trifluoroacetic acid.
Also, for the data in Table 2 and 8, the FSCV was utilized together with other stabilizing techniques, such as the uses of aluminum suspension and acidic solvents.
The FSCV at higher scan rates over 1000 V s-1 permits the voltammetric observation of electrogenerated species, even when they are generated in non-stabilizing media. Thus, while N,N-dimethylformamide (DMF) is normally usable for observing the electrooxidation processes due to the nucleophilic character and lower oxidation potentials. However, in the FSCV measurements, DMF can be used as a solvent, and the solvent effects can be discussed.
In the paper by Anxolabehere et al, the formal potentials in the oxidation process of some aromatic compounds as in Tables 2 and 8 were reported in DMF by observing the reversible cyclic voltammograms using the FSCV technique with the scan rates in the 1,000 -20,000 V s-1 range.
The results are summarized in Table 10 .
The working electrodes used were 5 and 17.tm diameter gold disk electrodes. The reference electrode was a Cd(Hg)/sat.CdCl2 (DMF) electrode, which was mentioned to be 600-mV positive to the aqueous SCE in DMF
In the original, the oxidative formal potentials were compared with the vertical ionization potentials, as carried out in the works on Tables   1,2 , 8, and solvent effect was discussed from the obtained slope. Also, the cited fast scan voltammograms are informative to know the higher reactivity of some species. , 270,191-198 (1989 [ Electroanalysis, 16, 1242 Electroanalysis, 16, -1246 Electroanalysis, 16, (1997 Supporting Electrolyte: 0.5 M Et4NPF6.
Potential: vs. a Pt / (I+I3) electrode Weiler, Can. J. Chem., 55, 766 -770 (1977) ].
As shown in In the paper by Hammerich et al. (1973) , the use of neutral aluminum to scavenge the trace amount of water was reported for the first time to stabilize electrogenerated dications (though which is also useful for cation radicals, of course). The same authors reported the formal oxidation potentials in the second oxidation processes of 9,10-p-tolylanthracene and 9,10-di-phenylanthracene in dichloromethane-trifluoro-acetic acidtrifluoroacetic anhydride solvent [Hammerich et al. (1974) ], which were also included in Table. Review of Poiarography, Vol.50, No.1, (2004) (1) [Electrochim. Acta,18, 537-541(1973) .]
Supporting Electrolyte: 0.2 M n-Bu4NBF4.
Potential: vs. aqueous SCE (measured with Ag/AgN03 (0.1 M) reference electrode, which was +0.36 V vs. SCE).
(2) [J. Am. Chem. Soc., 96, 4289-4296 (1974) .]
Potential: same as above.
(3) [Can. J. Chem., 55, 766-770 (1977) In the original, the changes in the formal potentials and the homogeneous reaction rates were investigated with three different electrolytes, R4NClO4 (R = Et, n-Bu and n-C7H15 In the Part II, the formal potentials of metal complexes and fullerenes in non-aqueous solvents will be presented.
